Introduction {#s1}
============

The advent of checkpoint inhibitors (e.g. PD-1/PD-L1 and CTLA4 antagonists) has revolutionized the field of cancer immunology. In several tumor types, this therapeutic approach has shown to induce a durable response in a considerable proportion of patients, with a dramatic impact on overall survival \[[@ETLS-1-429C1]--[@ETLS-1-429C10]\]. In breast cancer, the highest response rate is observed in triple-negative (TN) and PD-L1-positive, and/or displaying a higher level of tumor-infiltrating lymphocytes (TILs) \[[@ETLS-1-429C11]\]. The overall response rate in this subset of patients was ∼20% (range 13--44%), according to data from three early-phase clinical trials \[[@ETLS-1-429C6],[@ETLS-1-429C11]\]. As the majority of patients do not respond to treatment, the understanding of mechanisms associated with immunologic resistance is critical to developing more effective immunotherapeutic approaches.

Transcriptome profiling of tumor lesions has identified hierarchically relevant molecular pathways linked to tumor elimination \[[@ETLS-1-429C12]--[@ETLS-1-429C15]\]. Overlapping signatures have been observed in tumors characterized by favorable prognosis \[[@ETLS-1-429C16]--[@ETLS-1-429C18]\], responsiveness to immunotherapeutic approaches \[e.g. vaccination and interleukin (IL)-2\] \[[@ETLS-1-429C19],[@ETLS-1-429C20]\], adoptive-cell therapy (ACT) \[[@ETLS-1-429C21]\], and checkpoint inhibition \[[@ETLS-1-429C22]--[@ETLS-1-429C25]\]), or in post-treatment lesions that will subsequently undergo regression \[[@ETLS-1-429C13],[@ETLS-1-429C20],[@ETLS-1-429C24],[@ETLS-1-429C26],[@ETLS-1-429C27]\]. These pathways are also activated during other forms of immune-mediated rejection such as allograft rejections or autoimmunity \[[@ETLS-1-429C28],[@ETLS-1-429C29]\]. We refer to them as the Immunologic Constant of Rejection (ICR) \[[@ETLS-1-429C12],[@ETLS-1-429C14]--[@ETLS-1-429C17],[@ETLS-1-429C30]--[@ETLS-1-429C34]\]. More specifically, the ICR is summarized by a gene expression signature including genes involved in Th-1 signaling (IFNG, TXB21, CD8B, IL12B, STAT1, and IRF1), T-helper 1 (Th)-1 chemoattraction sustained by M1 polarization (such as the CXCR3 and CCR5 ligands CXCL9, CXCL10, and CCL5) and cytotoxic functions (GNLY, PRF, GZMA, GZMB, and GZMH) \[[@ETLS-1-429C31]\]. In tumor samples, the expression of such pro-inflammatory transcripts is associated with the counter-activation of suppressive mechanisms, as signified by the expression of IDO1, CTLA4, and CD274 (or PD-L1), PDCD1 (or PD1), and FOXP3 \[[@ETLS-1-429C30],[@ETLS-1-429C31]\]. Based on the level expression of the ICR transcripts, two divergent immune phenotypes can be envisioned \[[@ETLS-1-429C16],[@ETLS-1-429C30]\]. The immune-active phenotype is characterized by the co-ordinated activation of the ICR modules and is associated with responsiveness to immunotherapy, chemotherapy (at least in breast cancer \[[@ETLS-1-429C16],[@ETLS-1-429C35]\]), and a more favorable prognosis. Conversely, the lack of the expression of ICR transcripts typifies the immune-silent cancer, which is associated with poor prognosis and resistance to treatment. It is likely that the tumor genetic program, the genetic makeup of the host, and environmental factors such as the gut microbiota can contribute to the development of these divergent phenotypes \[[@ETLS-1-429C30],[@ETLS-1-429C36],[@ETLS-1-429C37]\]. Among these variables, genomic alterations of tumor cells that are potentially implicated in the modulation of an effective antitumor immune response have been increasingly scrutinized as potential therapeutic targets.

Studies mostly conducted in melanoma have identified cancer cell-intrinsic features associated with the immune-silent phenotype in humans and/or lack of responsiveness to immunotherapy. These traits include the genomic activation of the WNT/β-catenin \[[@ETLS-1-429C38]\] and PI3K--AKT pathways \[[@ETLS-1-429C39]\], and the expression of transcripts encoding for proteins with mechanical barrier functions such as filaggrin and desmosomal proteins \[[@ETLS-1-429C40],[@ETLS-1-429C41]\].

It has been recently observed that distinct dysregulation of the mitogen-activated protein kinase (MAPK) pathways sustained by genomic alterations are associated with lack of spontaneous antitumor response in mammary carcinoma \[[@ETLS-1-429C31],[@ETLS-1-429C42]\].

Moreover, MAPK modulation is emerging as a promising strategy to counteract primary immune resistance and to enhance the efficacy of immunotherapy across tumor types. Here, we analyze the studies that have linked MAPK dysregulation with a differential antitumor immune response and provide an overview of the immune-regulatory role of the MAPK pathways. Finally, we discuss the immunologic effects induced by MAPK inhibitors and their potential implications for breast cancer treatment in combination with checkpoint inhibitors and immune agonists.

Genetic dysregulations of the MAPK pathways and immune phenotypes {#s2}
=================================================================

To elucidate the relationship between tumor genetic programs and immune responsiveness in breast cancer, we analyzed copy number variation, somatic mutations, and transcriptomic profile from more than 1000 samples submitted to the TCGA (The Cancer Genome Atlas) consortium and an additional meta-cohort consisting of ∼2000 gene expression profiles \[[@ETLS-1-429C43],[@ETLS-1-429C44]\]. In this analysis, partially summarized in [Figure 1](#ETLS-1-429F1){ref-type="fig"}, we demonstrated that ICR genes can segregate breast cancer in distinct phenotypes ([Figure 1A--C](#ETLS-1-429F1){ref-type="fig"}), reflecting different immunologic orientation. The two opposite immune phenotypes are referred to here as ICR High and ICR Low. The co-ordinated activation of the ICR pathways, observed in the ICR High tumors, was associated with prolonged survival ([Figure 1D](#ETLS-1-429F1){ref-type="fig"}) \[[@ETLS-1-429C31]\]. This observation was confirmed in the validation meta-cohort \[[@ETLS-1-429C31],[@ETLS-1-429C43],[@ETLS-1-429C44]\]. Only a small proportion of luminal samples (15%) displayed the Th-1/ICR High phenotype in contrast with 32% of basal-like and 20% of HER2-enriched tumors. Analysis of differentially mutated genes between ICR Low and ICR High groups revealed a 10-fold enrichment of MAP3K1 or MAP2K4 mutations in the immune-silent ICR Low tumors ([Figure 1E](#ETLS-1-429F1){ref-type="fig"}). In fact, MAP2K4 and MAP3K1 were the only genes displaying a higher mutation rate in this immune phenotype. This association remained statistically highly significant when the associative analysis was restricted to luminal samples ([Figure 1F](#ETLS-1-429F1){ref-type="fig"}). By comparing luminal samples harboring the MAP2K4 or MAP3K1 mutations \[MAP(2/3)K-mut\], we defined an MAPK-dysregulation signature consisting of 40 genes differentially expressed in luminal MAP(2/3)K-mut vs. wild type and belonging to the MAPK pathways ([Figure 1G](#ETLS-1-429F1){ref-type="fig"}). The MAPK-dysregulation score, which was based on the expression of these 40 genes, could stratify not only the luminal, but also the other molecular subtypes (i.e. basal-like and HER2) according to their immunophenotypic features. The ICR1 Low tumors had the highest level of the MAPK-dysregulation score ([Figure 1H](#ETLS-1-429F1){ref-type="fig"}). Superimposable ICR stratification was obtained by applying the MAPK-dysregulation score to the validation cohort. Increased expression of downstream molecules of the ERK and JNK cascades was observed in the ICR Low group ([Figure 2](#ETLS-1-429F2){ref-type="fig"}). Although these mutations have been predicted to be deleterious \[[@ETLS-1-429C45]\], the expression levels of MAP3K1 and MAP2K4 were increased in mutated samples, which might indicate a compensatory mechanism for the loss-of-function mutations. \[[@ETLS-1-429C31],[@ETLS-1-429C44]\]. These findings suggest the existence of a causal nexus between MAPK pathway dysregulation and the breast cancer immune phenotype \[[@ETLS-1-429C31]\] ([Figure 1B,C](#ETLS-1-429F1){ref-type="fig"}). Therefore, dysregulation of the MAPK pathways, either sustained by MAP3K1 or MAP2K4 mutations or alternative mechanisms, could be implicated in the development of the unfavorable cancer immune phenotype ([Figure 2](#ETLS-1-429F2){ref-type="fig"}). Moreover, Loi et al. \[[@ETLS-1-429C42]\], by analyzing the residual disease of TN breast cancer patients treated with neoadjuvant chemotherapy, observed a significant correlation between the low density of TILs and high levels of ERK--MAPK transcriptomic and genetic alterations, such as amplifications in KRAS, BRAF, and RAF1, and truncation in NF1. This observation suggests that dysregulation of the ERK--MAPK pathway by breast cancer cells may facilitate immune-evasion mechanisms \[[@ETLS-1-429C42]\]. Figure 1.MAPK dysregulation and immune phenotypes in breast cancer.Overview of the analytic pipeline that identified MAP2K4/MAP3K1 \[MAP(2/3)K\]-driven alteration as genetic determinants of breast cancer immune phenotypes. (**A**) The ICR signature includes genes underlying Th-1 polarization, related chemokines (CXCR3 and CCR5 ligands), genes associated with the activation of cytotoxic effector functions, and counter-activating immune-regulatory genes. (**B**) Consensus clustering based on expression of the ICR signature generates four groups of breast tumors with distinct immune phenotypes. (**C**) Schematic representation of the heat map of ICR genes (vertical axis) with tumors (horizontal axis) sorted by ICR cluster. ICR4 tumors are associated with high expression of ICR genes (ICR High), while ICR1 tumors display low ICR gene expression (ICR Low). (**D**) Patients with ICR High tumors show a significantly improved survival compared with patients with ICR Low tumors. (**E** and **F**) Frequency of MAP2K4 or MAP3K1 \[MAP(2/3)K\] mutations in ICR Low breast tumors and ICR High tumors, in all breast cancer types (**E**) and in luminal breast tumors (**F**). (**G**) Genes differentially expressed (DEGs; *N *= 40) between MAP(2/3)K-mutated luminal breast cancer and MAP(2/3)K wild-type (WT) belonging to MAPK signaling (MAPK DEGs) were used to generate an MAPK-dysregulation score. (**H**) MAP2/3K dysregulation score can segregate the ICR High and ICR Low patients in HER2-enriched and basal-like breast cancer as well. Figure was readapted from Hendrickx et al. \[[@ETLS-1-429C31]\]. Figure 2.The MAPK signaling network and perturbations associated with immune phenotype.The MAPK signaling network is composed of three main cross-talking cascades (i.e. ERK, JNK, and p38). The two MAPK dispositions based on MAPK-dysregulated genes associated with the opposite immune phenotypes are represented in this simplified version of the MAPK pathways.

MAPK pathways and immune response {#s3}
=================================

The MAPK network is an established key regulator in cancer \[[@ETLS-1-429C46]\]. MAPK signaling can be exerted through three primary cross-signaling pathways: ERK, p38, and JNK, each comprising several levels of kinases ([Figure 2](#ETLS-1-429F2){ref-type="fig"}). MAPK signaling can be activated by internal and external stimuli, which results in either a tumor suppressive or oncogenic event. The differential outcome is driven by the complexity of the signaling pathways, along with spatial and temporal regulation. This, in part, explains why different cancer types feature different responses to MAPK signaling interventions, thereby guiding different treatment approaches according to tumor types \[[@ETLS-1-429C47],[@ETLS-1-429C48]\]. In addition, genomic alterations of any of the upstream or downstream molecules of the MAPK cascades can alter the pathway activity and therapeutic response.

While MAPK pathways are classified according to their downstream kinases, they are tightly interlocked as they share several intermediate mediators. As a consequence, treatment-induced interference with one of the MAPK pathways might deregulate the other ones. Even more, the effects of MAPK pathways are signaling- and cell-specific, thus increasing the complexity of predicting the net biological effect of targeted MAPK inhibition. For example, MAP3K1, which mediates both ERK--MAPK, and JNK--MAPK activity, has more than 25 published binding partners \[[@ETLS-1-429C49]\] including kinases, scaffolds, and adapters, but also nuclear and transcription factors, and microfilament, tight junction, and GTPase-activation proteins. Furthermore, the MAP3K1 protein contains 2 functional domains; a kinase domain and a plant homeodomain which is an E3 ubiquitin ligase. As a result, MAP3K1 has been reported to exhibit contradictory functions, either activating of inactivating ERK-- and JNK--MAPK pathways. The full-length MAP3K1 induces activation of MAP2K4/7-JNK and MAP2K1/2-ERK pathways, promoting cell survival while caspase cleavage, which generates the soluble active kinase domain, triggers apoptosis \[[@ETLS-1-429C48]\]. MAP3K1 also catalyzes the poly-ubiquitylation of c-Jun and ERK1/2, resulting in their degradation by proteasomes, leading to their degradation and inhibition of the ERK--MAPK pathway \[[@ETLS-1-429C48]\]. Mutations of MAP3K1 have been found to reduce tumor cell migration using wound-healing assays as a result of lower adhesive properties \[[@ETLS-1-429C50],[@ETLS-1-429C51]\]. It is unknown whether reduced tumor cell migration can influence the antitumor immune response by altering the permeability of the tumor microenvironment and/or immune cell infiltration.

Even though the MAPK signaling has been extensively studied in the context of their oncogenic function and proliferative stimulus, these complex systems also regulate several functions of the innate and adaptive immunity. The understanding of the immune-regulatory functions exerted by MAPK pathways is critical to implementing integrative immunomodulatory strategies targeting these kinases. Below, we summarize some relevant aspects of the MAPK pathways' immunomodulation.

The ERK--MAPK pathway {#s3a}
---------------------

The classic ERK kinases have been identified as the downstream effectors of the RAS oncogenes. The ERK--MAPK pathway mainly exerts proliferative effects, although it is now clear that dysregulation of this pathway is associated with other aspects of the tumor phenotype \[[@ETLS-1-429C46]\]. The activation of the ERK--MAPK pathway favors differentiation into the CD4 lineage \[[@ETLS-1-429C52]\] and is critical for CD4 T cells' Th-2 polarization as it is required for IL-4 receptor function \[[@ETLS-1-429C53]\]. In addition, ERK kinases trigger the production of IL-10 and negatively regulate the production of IL-12 by macrophages and dendritic cells, with a consequent induction of Th cell differentiation into a Th2 type \[[@ETLS-1-429C54]\]. ERK1 is dispensable for CD8 T-cell activation, whereas ERK2 is required for the proliferation of CD8 T cells activated in the absence of a co-stimulatory signal \[[@ETLS-1-429C55]\].

Additionally, this pathway induces the production of TNF, and inhibits the secretion of INF-β and iNOS \[[@ETLS-1-429C54],[@ETLS-1-429C56]--[@ETLS-1-429C58]\].

The p38--MAPK pathway {#s3b}
---------------------

The p38--MAPK pathway plays a pleiotropic role in cell survival, as it can either sustain proliferation or induce apoptosis in a cell type-specific manner depending on the type of stimulus \[[@ETLS-1-429C59]\]. This pathway is critical for the production of inflammatory cytokines. The p38--MAPK pathway exerts positive regulation on Th-1 differentiation, and it is selectively activated in Th-1, but not in Th-2, cells \[[@ETLS-1-429C60]--[@ETLS-1-429C62]\]. In both CD4 and CD8 T cells, p38 positively regulates production of IFN-γ \[[@ETLS-1-429C63],[@ETLS-1-429C64]\]. In dendritic cells, activation of this pathway induces production of IL-12, which is crucial for Th-1 polarization \[[@ETLS-1-429C65]\].

The JNK--MAPK pathway {#s3c}
---------------------

Similarly to the p38--MAPK pathway, the JNK--MAPK pathway can induce pro- or anti-apoptotic effects dependent on the stimulus, tissue type, and strength of the signal \[[@ETLS-1-429C66]\]. The JNK--MAPK pathway exerts a pro-inflammatory role in macrophages inducing M1 differentiation \[[@ETLS-1-429C54],[@ETLS-1-429C67]\]. Studies in JNK1 and JNK2 knockout mice demonstrated that JNK reduce the proliferative response of activated Th cells, but facilitate the polarization into a Th-1 phenotype \[[@ETLS-1-429C68],[@ETLS-1-429C69]\]. In fact, genetic loss of MAP3K2(MEKK2) abrogates IL-2 production \[[@ETLS-1-429C70]\]. Moreover, the ablation of MKP5 results in a selective increase in JNK--MAPK activity in CD4 T cells, which exhibit hypoproliferation upon T-cell receptor (TCR)-mediated activation \[[@ETLS-1-429C71]\]. Conversely, suppression of JNK--MAPK activity in CD8 T cells through JNK1 knockout induces hypoproliferation and reduced production of IL-2 \[[@ETLS-1-429C72],[@ETLS-1-429C73]\]. It has been shown that MAP3K1 plays a negative regulatory role in the expansion of CD8 T cells in hematopoietic MAP3K1-deficient mice challenged with a viral infection \[[@ETLS-1-429C74]\]. B-cell proliferation and germinal center formation have also been shown to be regulated by MAPK signaling \[[@ETLS-1-429C75]\].

Immunomodulatory effects of MAPK-pathway blockade induced by BRAF and MEK inhibitors alone or in combination with immunotherapy {#s4}
===============================================================================================================================

BRAF inhibition {#s4a}
---------------

With the clinical implementation of BRAF and MEK inhibitors in metastatic melanoma, several observations regarding the immune-regulatory mechanisms of this pharmacological intervention emerged. BRAF mutations are reported in ∼50--60% of melanoma patients \[[@ETLS-1-429C76]--[@ETLS-1-429C78]\]. About 90% of BRAF mutations consist of a single nucleotide mutation in the 600 codon (V600). Among them, ∼90% of mutations are represented by the valine to glutamic acid substitution (V600E), which is associated with a 400-fold increased activity of the protein, resulting in hyperactivation of the ERK--MAPK pathways \[[@ETLS-1-429C77],[@ETLS-1-429C79]--[@ETLS-1-429C82]\]. Because of this oncogenic addiction, inhibition of the ERK--MAPK pathway through specific BRAF inhibitors targeting the V600E mutation (i.e. vemurafenib and dabrafenib) induces strong antiproliferative effects. BRAF inhibition alone, however, induces only transient remission, with most of patients relapsing a few months after treatment because of acquired secondary resistance often due to reactivation of the ERK--MAPK pathway \[[@ETLS-1-429C83]--[@ETLS-1-429C85]\]. Moreover, BRAF inhibition mediates paradoxically activation of the MAPK pathways in cells with wild-type BRAF and strong upstream signaling in the MAPK pathways, resulting in a higher rate of adverse events, including skin-related toxicity, basal cell carcinomas, and keratoacanthomas \[[@ETLS-1-429C86],[@ETLS-1-429C87]\]. Both phenomena can be counteracted by targeting the ERK--MAPK pathway downstream from BRAF through MEK (MAP2K1/MAP2K2) inhibition. Data from three phase 3 clinical trials have demonstrated that combined inhibition of MEK and mutant BRAF kinases results in increased tumor response, prevents or delays MAPK-driven acquired resistance, and decreases the frequency and severity of some of adverse events \[[@ETLS-1-429C88]--[@ETLS-1-429C90]\].

The effects of the inhibition of the ERK--MAPK by targeting mutant BRAF, which might be relevant to melanoma only, or by targeting MEK, which is potentially applicable to a wider range of tumors, share some similarities but are also characterized by a different immunologic impact ([Figure 3](#ETLS-1-429F3){ref-type="fig"}). In general, these two approaches induce similar immunologic changes in tumor cells (e.g. increase in the expression of MHCs and tumor-associated antigens, and decrease in the production of immunosuppressive cytokines), but different modulation of T-cell functions. While BRAF inhibition does not negatively affect T-cell functions, as it targets the mutated form of BRAF, MEK inhibition can inhibit T-cell activation and proliferation. These aspects are discussed in more detail below. Figure 3.Immunologic impact of MAPK-targeted interventions per cell population.The immunologic effects of MAPK-pathway interventions are represented. Preclinical *in vitro* (orange triangle), *in vivo* (green triangle), and clinical (blue circle) evidence of the direct and indirect effects of these interventions are summarized per cell population that comprises the tumor microenvironment. The investigated tumor type is indicated for each of these studies by abbreviation (bold) as defined in the figure. Effects that favor or counteract tumor rejection are showed in red and blue, respectively.

A seminal study on BRAF V600E melanoma cell lines has shown that MEK inhibition and RNA interference for BRAF V600E can reduce the production of immunosuppressive cytokines such as VEGF, IL-10, and IL-6 \[[@ETLS-1-429C91]\]. However, inhibition of the ERK--MAPK pathway with MEK or BRAF inhibitors in V600E-mutated melanoma cell lines and tumor digests results in increased levels of melanocyte differentiation antigens, followed by enhanced recognition by T cells \[[@ETLS-1-429C92]\]. Consistently, the evaluation of human melanoma biopsies before and after treatment with the BRAF inhibitor demonstrated a down-regulation of VEGF \[[@ETLS-1-429C93]\]. In a clinical context, treatment with a BRAF inhibitor was associated with increased expression of melanoma antigens \[[@ETLS-1-429C94]\], decrease in immunosuppressive cytokines (IL-6 and IL-8) \[[@ETLS-1-429C94]\], and increased tumor homing \[[@ETLS-1-429C94],[@ETLS-1-429C95]\] and clonality of effector CD8 T cells \[[@ETLS-1-429C96]\]. On the other hand, TIL activation was associated with concomitant expression of exhaustion markers such as PD-1 and TIM3 \[[@ETLS-1-429C94]\]. Moreover, a better response was observed in patients who had a high proportion of pre-existing dominant T-cell clones \[[@ETLS-1-429C96]\]. Conversely, decreased density of TILs after BRAF inhibition was found in an inducible BRAF-mutated melanoma mouse model \[[@ETLS-1-429C97]\]. Furthermore, some *in vitro* studies have shown that BRAF inhibitors enhance the induction of MHC I/II molecules by IFN-γ and IFN-α and the up-regulation of MHC-associated transcripts \[[@ETLS-1-429C98],[@ETLS-1-429C99]\], while others did not \[[@ETLS-1-429C92],[@ETLS-1-429C100],[@ETLS-1-429C101]\]. However, no change of HLA I expression was observed in tumor biopsies after BRAF treatment \[[@ETLS-1-429C94]\].

BRAF inhibition in combination with immunotherapy {#s4b}
-------------------------------------------------

In view of the favorable immunomodulatory effects of BRAF inhibition observed in some studies, this treatment has been combined with immunotherapeutic approaches to enhance their efficacy. Indeed, in xenograft mouse models, BRAF inhibition decreased VEGF production by mutated melanoma cells and augmented tumor infiltration of adoptively transferred T cells in mice, resulting in enhanced efficacy of ACT \[[@ETLS-1-429C93],[@ETLS-1-429C101]\]. Moreover, BRAF inhibition increased *in vivo* cytotoxic activity and intratumoral cytokine secretion of adoptively transferred lymphocytes in a syngeneic fully immunocompetent mouse model, augmenting the efficacy of ACT \[[@ETLS-1-429C101]\]. This phenomenon was attributed to a paradoxical activation of the ERK--MAPK pathway in wild-type T cells \[[@ETLS-1-429C101]\]. However, improved therapeutic antitumor activity was observed for BRAF inhibition combined with a CD137 agonist but not with anti-CTLA4, anti-PD-1, and anti-Tim3 antibodies in melanoma mouse models \[[@ETLS-1-429C100]\]. Despite the potential benefit of combinatorial approaches, a clinical study investigating concomitant administration of the BRAF inhibitor vemurafenib and anti-CTLA-4 in metastatic melanoma was stopped due to unacceptable hepatotoxicity \[[@ETLS-1-429C102]\], probably sustained by paradoxical activation of the ERK--MAPK pathway in liver-resident (wild-type) cells \[[@ETLS-1-429C87]\]. The effects of MAPK-immunotherapy combinations are summarized in [Table 1](#ETLS-1-429TB1){ref-type="table"}. Table 1*In vivo* preclinical studies combining MAPK inhibition with immunotherapeutic approachesReferenceSettingTested combinationsEfficacy comparisonEffect on tumor microenvironmentLiu et al. \[[@ETLS-1-429C93]\]BRAF^V600E^ melanomaBRAFi + ACTBRAFi + ACT \> either therapy aloneBRAFi increased tumor infiltration of adoptively transferred T cells by inhibiting VEGF production in tumor cells.Koya et al. \[[@ETLS-1-429C101]\]BRAF^V600E^ melanomaBRAFi + ACTBRAFi + ACT \> either therapy aloneBRAFi did not alter expansion, distribution, or tumor accumulation of adoptively transferred T cells;\
BRAFi paradoxically increased MAPK signaling, *in vivo* cytotoxic activity, and intratumoral cytokine secretion by adoptively transferred T cells.Knight et al. \[[@ETLS-1-429C100]\]BRAF^V600E^ melanomaBRAFi + anti-CD137/anti-CTLA-4/anti-PD-1/anti-Tim3BRAFi + anti-CD137 \> either therapy alone\
\
\
BRAFi + anti-CTLA4/anti-PD-1/anti-Tim3 = either therapy aloneCombined antitumoral activity was observed between BRAFi and anti-CD137.Hooijkaas et al. \[[@ETLS-1-429C97]\]BRAF^V600E^ melanomaBRAFi + anti-CTLA4BRAFi + anti-CTLA4 \> anti-CTLA4\
\
BRAFi + anti-CTLA4 = BRAFiBRAFi led to a decreased frequency of tumor-resident T cells, NK cells, MDSCs, and macrophages, which could not be restored by the addition of anti-CTLA4.Homet Moreno et al. \[[@ETLS-1-429C116]\]BRAF^V600E^ melanomaBRAFi + MEKi + anti-PD-1\
\
\
\
\
BRAFi + MEKi + anti-CD137 + anti-OX40 + anti-PD-L1BRAFi + MEKi + anti-PD-1 \> anti-PD-1BRAFi + MEKiBRAFi + anti-PD-1MEKi + anti- PD-1BRAFi + MEKi combined with anti- CD137 and anti-OX40 \> BRAFi + MEKi\
\
BRAFi + MEKi + anti-PD-L1 combined with either anti-CD137, anti-OX40, or both \> BRAFi + MEKi + anti-CD137 + OX40Combined BRAFi and MEKi increased CD8+ and CD4+ T-cell, and TAM infiltration.\
(BRAFi + MEKi vs. no therapy) (BRAFi + MEKi + anti-PD-1 vs. anti-PD-1 monotherapy).Hu-Lieskovan et al. \[[@ETLS-1-429C114]\]BRAF^V600E^ melanomaBRAFi + MEKi + ACT\
\
\
\
\
\
\
\
\
\
\
BRAFi + MEKi + anti-PD-1BRAFi + MEKi + ACT \> BRAFi + MEKiACT + BRAFiACT + MEKi\
\
\
\
\
\
BRAFi + MEKi + anti-PD-1 \> anti-PD-1BRAFi + MEKianti-PD-1 + BRAFianti-PD-1 + MEKiBRAFi + MEKi treatment increased (both endogenous and adoptively transferred) effector T-cell homing.\
\
BRAFi + MEKi increased tumor antigen expression both in control tumors and ACT-treated tumors.\
\
BRAFi + MEKi up-regulated MHC molecules in ACT-treated tumor, but not in control tumors.Liu et al. \[[@ETLS-1-429C111]\]Colon carcinomaMEKi + anti-PD-1/anti-PD-L1/anti-CTLA4MEKi + anti-PD-1 = MEKi + anti-PD-L1 = MEKi + anti-CTLA4 \> either therapy aloneMEKi combined with anti-PD-1 increased tumor-infiltrating CD8+ T cells.Ebert et al. \[[@ETLS-1-429C112]\]Colon carcinomaMEKi + anti-PD-L1MEKi + anti-PD-L1 \> either therapy aloneCombination MEKi + anti-PD-L1 provoked changes that largely mirrored MEKi treatment only, based on expression of 94 immune-related genes.Poon et al. \[[@ETLS-1-429C106]\]Colon carcinomaMEKi + anti-CTLA4MEKi + anti-CTLA4 \> either therapy aloneCombination of anti-CTLA-4 with MEKi annihilated Cox-2 and Arg1 up-regulation induced by CTLA-4 treatment.Loi et al. \[[@ETLS-1-429C42]\]Breast cancerMEKi + anti-PD-L1MEKi + anti-PD-L1 \> either therapy aloneSignificant synergy between MEKi and anti-PD-L1 (in the LACZ model).\
Increased expression of antigen presentation and processing genes when MEKi was combined with anti-PD-L1.Dushyanthen et al. \[[@ETLS-1-429C115]\]Breast cancerMEKi + anti-CD137\
\
\
MEKi + anti-OX40\
\
MEKi + anti-CD137 + anti-PD-1\
\
\
\
MEKi + anti-OX40 + anti-PD-1MEKi + anti-CD137 \> either therapy alone\
\
MEKi + anti-OX40 \> either therapy alone\
MEKi + anti-CD137 + anti-PD-1 \> MEKi + anti-CD-137anti-CD137 + anti-PD-1MEKi + anti-OX40 + anti-PD-1 \> MEKi + anti-OX40anti-OX40 + anti-PD-1Anti-CD137 and anti-OX40 T-cell agonist antibodies prevent MEKi-induced decrease in CD8+, CD4+, and FOXP3+ T-cell proliferation and MEKi-induced reduction in IFN-γ production by CD8+ T cells.

MEK inhibition {#s4c}
--------------

Similarly to BRAF inhibition, MEK inhibition can favorably modify the tumor microenvironment. Most of the studies have shown that MEK inhibition can increase the expression of intrinsic and IFN-γ-induced HLA/MHC I/II in cancer cell lines, including melanoma, mesothelioma, prostate, gastric, and esophageal cancer cell lines \[[@ETLS-1-429C103]--[@ETLS-1-429C105]\]. Similarly to BRAF inhibition, treatment of mutant melanoma cell lines with MEK inhibition enhances the expression of melanoma-differentiation antigens \[[@ETLS-1-429C92]\] and decreases the production of IL-10, IL-6, and VEGF \[[@ETLS-1-429C91]\]. Moreover, in a syngeneic colon carcinoma model, MEK inhibition was found to prevent monocyte to tumor-associated macrophage (TAM) differentiation, substantiated by the increase in the intratumoral frequency of intermediary differentiated monocytes expressing MHC II, and the decrease in intratumoral granulocytic myeloid-derived suppressive cells (gMDSCs) \[[@ETLS-1-429C106]\].

Conversely, because of the critical role of the ERK--MAPK pathway in T-cell function, MEK inhibition can theoretically dampen T-cell antitumor activity. Studies performed in the late 1990s have shown that MEK inhibition blocks T-cell proliferation in response to antigenic stimulation, but it does not affect IL-2-mediated proliferation \[[@ETLS-1-429C107]\], in agreement with ERK1/2 knockout experiments \[[@ETLS-1-429C55]\]. However, Boni et al. \[[@ETLS-1-429C92]\] observed that MEK inhibition decreases production of IFN-γ by T cells and inhibits T-cell proliferation after stimulation with IL-2 and OKT3, while Vella et al. \[[@ETLS-1-429C108]\] showed that MEK inhibition suppresses *in vitro* T-lymphocyte proliferation, cytokine production, and antigen-specific expansion. Similarly, Allegrezza et al. \[[@ETLS-1-429C109]\] observed that MEK inhibition equally inhibits proliferation of naive, memory, and effector memory T cells, and profoundly blocks T-cell priming. These effects could be reverted by IL-15 administration \[[@ETLS-1-429C109]\]. These immunosuppressive mechanisms, observed *in vitro*, are perhaps only transient and did not fully translate *in vivo*. In fact, in a KRAS-inducible breast cancer model, MEK inhibition prevented tumor progression *in vivo* through an immune-mediated mechanism, rather than by direct inhibition of tumor-cell proliferation. This mechanism, which required CD8 T cells, was mediated by the blockade of monocytic myeloid-derived suppressive cell (mMDSC) expansion \[[@ETLS-1-429C110]\]. Moreover, MEK inhibition increases the number of CD4 TILs and did not negatively affect the density of CD8 TILs in a fully competent colon carcinoma syngeneic mouse model \[[@ETLS-1-429C111]\]. These findings were mechanistically explained by another study using the same model. Ebert et al. \[[@ETLS-1-429C112]\] demonstrated that MEK inhibition profoundly blocks naive CD8 T-cell priming. At the same time, this pharmacological inhibition increases the number of antigen-specific effector CD8 T cells in the tumor and protects CD8 TILs from death driven by chronic TCR stimulation \[[@ETLS-1-429C112]\].

Double MAPK blockade through BRAF and MEK inhibition in combination with immunotherapy {#s4d}
--------------------------------------------------------------------------------------

When combined with BRAF inhibition, MEK inhibition can potentially balance the overreacting effector cells to prevent exhaustion \[[@ETLS-1-429C113]\]. In fact, concurrent administration of BRAF and MEK inhibitors with ACT resulted in dramatic tumor response, increased T-cell infiltration, and effector functions in a syngeneic immunocompetent melanoma mouse model \[[@ETLS-1-429C114]\]. This was accompanied by increase in melanoma-associated antigens \[[@ETLS-1-429C114]\]. However, MEK inhibition was able to overcome the increase in intratumoral T-regulatory cells and macrophages observed after treatment with BRAF and ACT \[[@ETLS-1-429C114]\].

In a clinical context, the concomitant treatment with an MEK inhibitor was able to restore melanoma-associated antigen expression and CD8 T-cell infiltration in a patient experiencing progression following BRAF inhibition \[[@ETLS-1-429C94]\].

MEK inhibition in combination with immunotherapy and implications for breast cancer treatment {#s4e}
---------------------------------------------------------------------------------------------

In view of the negative correlation between MAPK dysregulation and density of TILs in patients with TN breast cancer treated with neoadjuvant chemotherapy, Loi et al. \[[@ETLS-1-429C42]\] assessed the immune-regulatory impact of MEK inhibition in this setting. They showed that MEK inhibition increases the IFN-γ-inducible expression of MHC I/II and PD-L1 in TN breast cancer cell lines. These observations were validated *in vivo* by analyzing MHCI/II and PD-L1 expression of tumor cells from lesions generated by orthotopic injection of TN cell lines into syngeneic mice treated with MEK inhibition \[[@ETLS-1-429C42]\]. Moreover, combined MEK inhibition and anti-PD-L1 in orthotopic TN and HER2 breast cancer models resulted in enhanced tumor control, associated with an increase in the intratumoral expression of immune-related transcripts \[[@ETLS-1-429C42]\].

Consistently, in colon carcinoma syngeneic mouse models, the combination of MEK inhibition with either anti-PD-1 \[[@ETLS-1-429C111],[@ETLS-1-429C112]\], anti-PD-L1 \[[@ETLS-1-429C111]\], or anti-CTLA4 \[[@ETLS-1-429C106],[@ETLS-1-429C111]\] results in a synergistic effect. In a subsequent study on TN mouse models, the investigators showed that MEK inhibition can have a detrimental effect on T-cell homing, proliferation, and effector functions \[[@ETLS-1-429C115]\]. However, T-cell functions were restored by the administration of anti-137 and anti-OX40 agonists \[[@ETLS-1-429C115]\]. Similarly, in mutant melanoma models, the addition of either OX-40 or 137 agonists enhanced the efficacy of the triple combination of BRAF inhibitor, MEK inhibitor, and PD1 blockade \[[@ETLS-1-429C116]\]. Furthermore, the investigators convincingly demonstrated that the rescue of immune-effector functions was due to the redirection of the signaling from the classical ERK--MAPK pathway to the alternative p-38--MAPK/JNK--MAPK pathways mediated by OX-40 or CD137 agonists \[[@ETLS-1-429C115]\].

Altogether these data provide a solid rationale for combining MEK inhibition with immune agonist and/or checkpoint inhibitors in TN breast cancer. A clinical trial exploring the combination of the anti-PD1 pembrolizumab and the MEK inhibitor binimetinib in TN breast cancer (NCT02322814) is ongoing. An additional ongoing trial is evaluating the combination of anti-PD-L1 avelumab together with the CD-137 agonist utomilumumab across several tumor types, including TN breast cancer (NCT02554812).

In view of the association between the degree of intratumoral immune response and the MAPK dysregulation in luminal and HER2 tumors, we propose that combined targeted-immunotherapeutic strategies should also be evaluated in these subtypes ([Figure 4](#ETLS-1-429F4){ref-type="fig"}). Moreover, the effect of MEK inhibition on cancer cells harboring MAP2K4 or MAP3K1 mutations needs to be elucidated. Figure 4.The immunogenic conversion.Immune-silent breast cancer characterized by low TIL density or low expression of genes included in the immunologic constant of rejection (ICR Low) frequently displays dysregulation of MAPK pathways, either caused by genomic alterations (in purple) \[i.e. MAP2K4 or MAP3K1 mutations in luminal breast cancer; Hendrickx et al. \[[@ETLS-1-429C31]\]\] and MAPK-activating alterations (e.g. amplifications in KRAS, BRAF, and RAF1, and truncations in NF1) in basal-like tumors (Loi et al. \[[@ETLS-1-429C42]\]), or by alternative mechanisms. To convert these tumors into an immune-active phenotype characterized by high expression of ICR genes (ICR High) and then trigger tumor rejection, combination therapy consisting of MEK inhibition (MEKi), immune checkpoint inhibition (e.g. PD1 blockade; Dushyanthen et al. \[[@ETLS-1-429C115]\]), and perhaps other checkpoint inhibitions and immune agonist antibodies (Dushyanthen et al. \[[@ETLS-1-429C115]\]) is suggested. We refer to this as the 'immunogenic conversion'.

In conclusion, we believe that the immunogenic conversion of the immune-silent tumors through the modulation of oncogenic pathways conducive to immunosuppression could dramatically expand the number of patients who will benefit from immunotherapeutic approaches.

Summary {#s10}
=======

-   Genomic alterations causing dysregulations of MAPK pathways are associated with an immune-silent phenotype of breast cancer and could represent a mechanism of immune evasion.

-   Immunologic effects of MAPK-pathway blockade on tumor cells promote the development of an immune-active tumor phenotype, providing a rationale to combine MAPK-pathway inhibitors with immunotherapy.

-   As MEK inhibition has a negative impact on T cells, strategies to rescue T-cell function, for example, by immune agonist antibodies are essential to achieve maximal therapeutic efficacy.

-   Reprogramming the immune phenotype from an immune-silent to an immune-active phenotype by targeting oncogenic pathways could extend the efficacy of immunotherapeutic approaches to patients who were previously considered immunotherapy-resistant.

ACT

:   adoptive-cell therapy

CTLA4

:   cytotoxic T-lymphocyte-associated protein 4

DEG

:   differentially expressed genes

ERK

:   extracellular signal-regulated kinase

gMDSC

:   granulocytic myeloid-derived suppressive cell

HLA

:   human leukocyte antigen

ICR

:   Immunologic Constant of Rejection

IFNG

:   interferon gamma

IL

:   interleukin

IRF1

:   interferon regulatory factor 1

JNK

:   c-Jun N-terminal kinase

MAP (2/3)K-mut

:   MAP2K4 or MAP3K1 mutations

MAPK

:   mitogen-activated protein kinase

MEK

:   mitogen-activated protein kinase kinase

MHC

:   major histocompatibility complex

mMDSC

:   monocytic myeloid-derived suppressive cell

PD-(L)1

:   programmed cell death protein (ligand) 1

STAT1

:   signal transducer and activator of transcription 1

TAM

:   tumor-associated macrophages

TCR

:   T-cell receptor

Th

:   T helper

TIL

:   tumor-infiltrating lymphocyte

TN

:   triple negative

T-reg

:   T-regulatory cell

VEGF

:   vascular endothelial growth factor
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